Medium spiny neurons (MSNs) are the principal cells of the striatum and perform a central role in sensorimotor processing. MSNs must integrate many excitatory inputs located across their dendrites to fire action potentials and enable striatal function. However, the dependence of synaptic responses on the temporal and spatial distribution of these inputs remains unknown. Here, we use whole-cell recordings, two-photon microscopy, and two-photon glutamate uncaging to examine subthreshold synaptic integration in MSNs from acute rat brain slices. We find that synaptic responses can summate sublinearly, linearly, or supralinearly depending on the spatiotemporal pattern of activity. Repetitive activity at single inputs leads to sublinear summation, reflecting long-lived AMPA receptor desensitization. In contrast, asynchronous activity at multiple inputs generates linear summation, with synapses on neighboring spines functioning independently. Finally, synchronous activity at multiple inputs triggers supralinear summation at depolarized potentials, reflecting activation of NMDA receptors and L-type calcium channels. Thus, the properties of subthreshold integration in MSNs are determined by the distribution of synaptic inputs and the differential activation of multiple postsynaptic conductances.
Introduction
The dorsal striatum is important for sensorimotor processing, as underscored by diseases like Parkinson's and Huntington's. The principal neurons of the dorsal striatum are medium spiny neurons (MSNs), which receive glutamatergic inputs from the cortex and thalamus (Cowan and Wilson, 1994; Wilson, 2003) . These excitatory inputs arrive at spines located throughout the dendrites, where they can activate multiple types of postsynaptic receptors to evoke electrical and calcium signals. Although these signals are important for controlling firing and synaptic plasticity in MSNs (Calabresi et al., 1992a (Calabresi et al., ,b, 1994 Kreitzer and Malenka, 2005) , little is known about their integration during repetitive synaptic activity.
The electrophysiological properties of MSNs and their excitatory inputs show pronounced changes during development. In adult animals, strong excitation drives state transitions in vivo, with the membrane potential shifting from a negative potential of Ϫ80 mV to a near-threshold potential of Ϫ50 mV (Wilson and Kawaguchi, 1996; Stern et al., 1997) . While individual inputs generate small EPSPs (Kawaguchi et al., 1989) , they also show paired-pulse facilitation at this age (Choi and Lovinger, 1997; Tang et al., 2001) , such that repetitive activity can generate pronounced depolarizations. In immature animals, state transitions are less frequent in vivo, with smaller magnitudes and durations (Tepper et al., 1998) . Over the first postnatal month, individual inputs also display paired-pulse depression, which is thought to reflect a high initial glutamate release probability that progressively decreases with repetitive activity (Choi and Lovinger, 1997; Tang et al., 2001; Akopian and Walsh, 2002; Kreitzer and Malenka, 2005) . The small size of EPSPs and the depressive nature of excitatory inputs suggest that these MSNs must integrate many inputs to approach threshold and fire action potentials.
During distributed synaptic activity, a variety of postsynaptic interactions may occur between nearby synaptic inputs arriving on individual dendritic segments. For example, local depolarization could suppress synaptic responses by decreasing the driving force for current flow through AMPA-type glutamate receptors (AMPARs) or activating voltage-sensitive outward conductances Tamas et al., 2002) . In contrast, this depolarization could boost synaptic responses by relieving magnesium (Mg) block of NMDA-type glutamate receptors (NMDARs) or activating voltage-sensitive inward conductances (Margulis and Tang, 1998; Cash and Yuste, 1999; Nettleton and Spain, 2000) . However, the dendrites of MSNs are too small to record from directly, and extracellular electrodes cannot be used to activate spatiotemporal patterns of inputs. Consequently, the contributions of different passive and active mechanisms to interactions between synaptic inputs in the dendrites of MSNs remain unknown.
Here, we examine the properties of subthreshold synaptic integration in MSNs in acute striatal slices of 2-to 3-week-old rats. Using whole-cell recordings, two-photon laser scanning microscopy (2PLSM), and two-photon laser uncaging (2PLU) of gluta-mate, we deliver multiple inputs to known locations while measuring Ca signals in spines and electrical signals at the soma. We find that depression of single inputs does not reflect decreased glutamate release probability, but instead results from desensitization of AMPARs. To generate sustained depolarization, multiple inputs must be activated within a narrow time window at clusters of spines. Repetitive activity at both single spines and clusters enhances local Ca signals because of additional influx through NMDARs. These results have important implications for how MSNs function in the striatum and generate Ca signals needed for synaptic plasticity.
Materials and Methods
Recordings were made from MSNs in striatal slices from postnatal day 15 (P15)-P18 Sprague Dawley rats, as described previously (Carter and Sabatini, 2004) . Briefly, coronal slices (300 m thick) were cut in ice-cold external solution containing (in mM) 110 choline, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 25 glucose, 11.6 Na-ascorbate, and 3.1 Na-pyruvate, bubbled with 95% O 2 /5% CO 2 . Slices were transferred to artificial CSF (ACSF) containing (in mM) 127 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 25 glucose, bubbled with 95% O 2 and 5% CO 2 . After 30 -40 min at 34°C, slices were stored at 24°C, and experiments were conducted at 30 -32°C. In all experiments, 10 M D-serine, 10 M bicuculline, and 100 M LY-341495 [(2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid] were present in the ACSF to prevent NMDAR desensitization, block GABA A receptors, and block metabotropic glutamate receptors, respectively. In some experiments, picrotoxin was used instead of bicuculline. In some experiments, one or more of the following drugs were added to the ACSF (in M): 10 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), 10 3-[(R)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP), 2500 ␥-D-glutamylglycine (␥-DGG), 100 cyclothiazide, 1 TTX, 0.3 SNX-482, 1 -conotoxin-MVIIC, 20 nimodipine, and 20 mibefradil. The mixture of voltage-sensitive Ca channel blockers consisted of SNX-482, -conotoxin-MVIIC, nimodipine, and mibefradil. All chemicals were from Sigma (St. Louis, MO) or Tocris Bioscience (Ellisville, MO) with the exception of SNX-482 and -conotoxin-MVIIC (Peptides International, Louisville, KY).
Whole-cell recordings were obtained from MSNs identified with video infrared differential interference contrast microscopy and 2PLSM based on their small cell bodies and prominent dendritic spines. Glass electrodes (2.8 -4 M⍀) were filled with one of two internal solutions. Current-clamp recordings used (in mM) 135 KMeSO 3 , 10 HEPES, 4 MgCl 2 , 4 Na 2 ATP, 0.4 NaGTP, and 10 Na 2 creatine PO 4 , pH 7.4, with KOH. Voltage-clamp recordings used (in mM) 135 CsMeSO 3 , 10 HEPES, 4 MgCl 2 , 4 Na 2 ATP, 0.4 NaGTP, and 10 Na 2 creatine PO 4 , pH 7.4, with CsOH. Electrodes also contained 100 or 500 M Fluo-5F to monitor Ca levels and 20 M Alexa Fluor-594 to image neuronal morphology. Recordings were made using a Multiclamp 700B amplifier, filtering at 5 kHz for current-clamp recordings and 2 kHz for voltage-clamp recordings, and sampling at 10 kHz. Excitatory input fibers were stimulated with a small glass electrode (tip diameter, 2-4 m) filled with ACSF, using brief (0.2 ms) and small (5-20 A) current injections. For the experiments in Figures 1 and 5 , the electrodes were placed near the external capsule. For the experiments in Figure 3 , the electrode was placed ϳ10 m from the spine of interest.
Intracellular Ca imaging and glutamate uncaging was accomplished with a custom microscope that combines 2PLSM and 2PLU, as described previously (Carter and Sabatini, 2004) . Neurons were filled via the patch electrode for 10 -20 min before imaging. Fluo-5F (100 or 500 M) was used to monitor total synaptic and AMPAR-mediated Ca signals at Ϫ80 mV. Fluo-5F (500 M) was used to monitor total synaptic and NMDARmediated Ca signals at Ϫ50 mV. Dye concentrations were chosen to ensure that Ca signals were in the linear range of the indicators (Carter and Sabatini, 2004) . For 2PLSM, Fluo-5F (green) and Alexa Fluor-594 (red) were excited using 840 nm light to monitor Ca signals and spine morphology, respectively. To measure Ca signals, green and red fluorescence were collected during 500 Hz line scans across a dendrite-spine or spine-spine pair. Ca signals were quantified as increases in green fluorescence from baseline normalized to the red fluorescence (⌬G/R) Sabatini et al., 2002) . For 2PLU, 4-methoxy-7-nitroindolinyl-caged L-glutamate was bath applied at 2.5 mM, and glutamate uncaging was achieved using a 0.5 ms pulse of 720 nm light. Laser intensity was initially chosen to mimic the amplitude of AMPARmediated spontaneous, miniature EPSCs at Ϫ80 mV and was held constant across all experiments. Interstimulus intervals (ISIs) were Ն2 ms to ensure the scanning mirrors had time to settle on the spine of interest before uncaging commenced. Reference frame scans were taken between each acquisition to correct for small spatial drift of the preparation over time.
Image and physiology data were acquired using National Instruments (Austin, TX) boards and custom software written in Matlab (Mathworks, Natick, MA) (Pologruto et al., 2003) . Off-line analysis was performed using custom routines written in Igor Pro (Wavemetrics, Lake Oswego, OR). The amplitudes of EPSPs/uncaging-evoked EPSPs (uEPSPs) are calculated over a Ϯ1 ms window around the peak. The amplitudes of EPSCs/uncaging-evoked EPSCs (uEPSCs) are averages over a 20 ms time period after the stimulus. The amplitudes of spine Ca signals are averages over a 50 ms time period after the stimulus.
For experiments in Figures 1-4 , we measured the response to stimulation at t ϭ 0 ms (Single 1 ) or paired stimulation at a variable ISI (Pair 132 ). The paired-pulse ratio (PPR) was calculated using the following equations:
For experiments in Figure 5 , we measured the response to stimulation of pathways 1 and 2 alone at t ϭ 0 ms (Single 1 and Single 2 ) or paired stimulation of pathway 1 at t ϭ 0 ms with pathway 2 at a variable ISI (Pair 132 ). The PPR was calculated using the following equations:
For the experiments in Figures 6 and 7, we measured the response to stimulation of spine 1 (S1) and spine 2 (S2) alone at t ϭ 0 ms (Single 1 and Single 2 ) or paired stimulation of S1 at t ϭ 0 ms with S2 at a variable ISI of positive (Pair 132 ) or negative (Pair 231 ) value. The ratios for uEPSPs (R uEPSP ) were calculated using the following equations:
The ratio for Ca signals in S1 (⌬[Ca] S1 ) when stimulation of S1 preceded S2 (R Ca (S13 S2) ) was calculated using the following equations:
Similarly, the ratio for Ca signals in S1 (⌬[Ca] S1 ) when stimulation of S1 followed S2 (R Ca (S23 S1) ) was calculated using the following equations:
For experiments shown in Figure 8 and supplemental Figure 4 (available at www.jneurosci.org as supplemental material), we measured the response to the individual stimuli alone (Single 1 , Single 2 , Single 3 , Single 4 , and Single 5 ) or in a burst. The ratios for EPSP amplitude (R uEPSP(A) ), uEPSP decay (R uEPSP(D) ) and Ca signals (R Ca ) were calculated using the following equations: sum ϭ Single 1 ϩ Single 2 ϩ Single 3 ϩ Single 4 ϩ Single 5
A sum ϭ sum(t ϭ 0) Figure 4 (available at www.jneurosci.org as supplemental material), summary data are reported as the geometric mean and 95% confidence interval (CI). Significance was defined as p Ͻ 0.05 and determined using the single-sample t test, assuming normal or lognormal distributions, respectively. Significance was verified using the nonparametric Wilcoxon signed-ranks test, which makes no assumptions about the data distribution. The results of the parametric and nonparametric tests were generally similar, and differences were considered significant only if they judged to be so by both tests.
Results

Single excitatory synaptic inputs undergo postsynaptic depression
We analyzed synaptic integration in MSNs in acute coronal slices at a near-physiological temperature (30 -32°C). We first examined the response to repetitive activity at a single input by stimulating excitatory fibers with an extracellular electrode near the external capsule and recording EPSPs in whole-cell currentclamp. Subthreshold EPSPs at a resting potential of Ϫ80 mV displayed significant depression ( Fig. 1 A) , which we quantified as the PPR of the additional depolarization produced by the second EPSP (A2*) to the amplitude of the first EPSP (A1) (see Materials and Methods). Paired-pulse depression (PPD) was significant at a range of ISIs (n ϭ 10 cells) and could be attributable to either changes in presynaptic glutamate release probability or postsynaptic mechanisms.
To examine postsynaptic contributions to PPD, a combination of 2PLSM and 2PLU of glutamate was used to bypass the presynaptic terminal and directly stimulate individual spines ( Fig. 1 B) . MSNs were filled through the recording pipette with a Ca-sensitive green fluorophore (Fluo-5F) and a Ca-insensitive red fluorophore (Alexa-594). Spines were visualized with 840 nm light, glutamate was uncaged with brief (0.5 ms) pulses of 720 nm light, and uEPSPs or uEPSCs were recorded at the soma. Changes in Ca levels were measured in the spine head (⌬[Ca] spine ) and quantified as changes in the ratio of green fluorescence relative to baseline red fluorescence (⌬G/R spine ).
In neurons resting at Ϫ80 mV, uEPSPs displayed significant PPD at ISI ϭ 50 ms (PPR uEPSP ϭ 66 Ϯ 7%; p Ͻ 0.05; n ϭ 6 cells, 11 spines) (Fig. 1C) . Similar results were seen for the Ca signal in the stimulated spine (PPR Ca ϭ 70 Ϯ 11%; p Ͻ 0.05), suggesting that depression happens locally at the synapse. In neurons depolarized to a near-threshold potential of Ϫ50 mV, both uEPSPs and ⌬[Ca] spine also displayed significant PPD at ISI ϭ 50 ms (PPR uEPSP ϭ 74 Ϯ 8%, p Ͻ 0.05; PPR Ca ϭ 74 Ϯ 4%, p Ͻ 0.05; n ϭ 9 cells, 13 spines) ( Fig. 1 D) , suggesting a common mechanism at these two potentials. The quantitatively similar results seen with extracellular stimulation and 2PLU suggest that PPD may be dominated by postsynaptic mechanisms and may not necessarily reflect changes in presynaptic glutamate release probability.
Postsynaptic depression is caused by AMPAR desensitization
AMPARs contribute to both EPSPs and spine Ca signals in MSNs (Carter and Sabatini, 2004) . We assessed the contribution of AMPARs to depression by blocking NMDARs with CPP (10 M) and recording EPSCs in voltage clamp. AMPAR-mediated EPSCs at Ϫ80 mV showed prominent PPD in response to extracellular stimulation at a range of ISIs (Fig. 2 A) (n ϭ 9 cells). Two postsynaptic mechanisms can influence PPR of AMPAR-mediated EPSCs in other cell types. First, desensitization may decrease the response of AMPARs during repetitive stimulation and decrease PPR. Second, saturation of AMPARs caused by exposure to different concentrations of glutamate can mask presynaptic changes and increase PPR. Although previous studies in MSNs have highlighted changes in presynaptic glutamate release in PPD (Choi and Lovinger, 1997; Tang et al., 2001; Akopian and Walsh, 2002) , the role of postsynaptic mechanisms is unknown.
The low-affinity AMPAR antagonist ␥-DGG eliminates both saturation and desensitization by decreasing the probability of opening of AMPARs and reducing overlap in the populations of AMPARs activated by the first and second stimuli (Liu et al., 1999; Wadiche and Jahr, 2001; Foster et al., 2002; Wong et al., 2003; Crowley et al., 2007) . ␥-DGG (2.5 mM) decreased the amplitude of AMPAR-mediated EPSCs to 37 Ϯ 3% of control (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). AMPAR-mediated EPSCs also showed reduced PPD in experiments performed in ␥-DGG, an effect that is inconsistent with the expected behavior of AMPARs experiencing saturation (Fig. 2 A) (n ϭ 9 cells). To independently test the contribution of desensitization, we examined PPR in the presence of cyclothiazide (CTZ), an allosteric modulator of AMPARs that eliminates desensitization (Yamada and Rothman, 1992; Patneau et al., 1993) . CTZ (100 M) increased the amplitude of AMPARmediated EPSCs to 240 Ϯ 40% of control (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). AMPAR-mediated EPSCs also showed reduced PPD in experiments performed in CTZ, supporting a role for desensitization (Fig. 2 A) (n ϭ 9 cells). Similar results were found by measuring PPR at ISI ϭ 50 ms during wash-in of either ␥-DGG (n ϭ 9 cells) or CTZ (n ϭ 4 cells) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). However, interpreting the effects of CTZ is complicated by possible presynaptic effects of this drug on presynaptic glutamate release (Diamond and Jahr, 1995) .
To confirm desensitization of AMPARs during paired stimulation, we used 2PLU to bypass the presynaptic terminal and activate AMPARs at individual spines. AMPAR-mediated uEPSCs and ⌬[Ca] spine displayed prominent PPD at ISI ϭ 50 ms (PPR uEPSC ϭ 60 Ϯ 3%, p Ͻ 0.05; PPR Ca ϭ 65 Ϯ 8%, p Ͻ 0.05; n ϭ 7 cells, 7 spines) (Fig. 2 B) . Unfortunately, we were unable to resolve AMPAR-mediated uEPSCs and ⌬[Ca] spine in the presence of ␥-DGG because of the significant reduction of AMPAR opening and the small size of the single spine signals. However, using 2PLU enabled us to unambiguously assess the influence of AM-PAR desensitization with CTZ. AMPAR-mediated uEPSCs and ⌬[Ca] spine showed linear summation at ISI ϭ 50 ms in experiments performed in CTZ (PPR uEPSC ϭ 96 Ϯ 7%; PPR Ca ϭ 110 Ϯ 10%; n ϭ 7 cells, 11 spines) (Fig. 2C) , suggesting that desensitization of AMPARs accounts for most of the PPD at these synapses. The kinetics of AMPAR-mediated uEPSCs generated by 2PLU mimic those of spontaneous, miniature EPSCs in MSNs (Carter and Sabatini, 2004) . However, the time course of the glutamate signal generated by 2PLU could differ from that generated by vesicular release and might enhance desensitization of AMPARs. We performed two experiments to confirm that uncaging and synaptic simulation probe a common set of receptors and share a common mechanism of PPD. First, we measured PPD of AMPAR-mediated uEPSCs while varying the strength of the first uncaging pulse. The amount of PPD depended on the number of AMPARs activated by the first uncaging pulse, indicating that repeated uncaging probes the same set of receptors (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Second, we combined extracellular stimulation with 2PLU to confirm that uncaging activates the same set of receptors that are desensitized by endogenous release of glutamate (Fig. 3) . Extracellular stimulation near a spine of interest generated an AMPAR-mediated EPSC at the soma and Ca signal in that spine, but not the neighboring dendrite (Fig. 3A) . Pairing with 2PLU at that spine generated a response comprised of the EPSC and uEPSC (Fig. 3B) . Subtracting the EPSC revealed PPD of the uEPSC amplitude following vesicular release (56 Ϯ 8% of control; n ϭ 9 cells, 10 spines). These results indicate that extracellular stimulation and 2PLU activate a similar population of receptors and generate comparable levels of depression.
NMDAR-mediated synaptic responses summate linearly
NMDARs make large contributions to spine Ca signals in MSNs (Carter and Sabatini, 2004) , which can be important for the induction of synaptic plasticity (Calabresi et al., 1992a) . We examined NMDAR responses during repetitive activity in voltageclamp recordings while blocking AMPARs with NBQX (10 M).
In response to extracellular stimulation, NMDAR-mediated EPSCs at Ϫ50 mV showed no PPD at ISIs Ͻ200 ms, and instead displayed a small amount of paired-pulse facilitation (PPF) (Fig.  4 A) (n ϭ 9 cells). Previous results suggest that activation of L-type Ca channels can boost NMDAR responses in MSNs (Akopian and Walsh, 2002) and trigger plasticity (Calabresi et al., 1994; Kreitzer and Malenka, 2005) , even during voltage-clamp recordings. However, PPF was not altered in experiments conducted in nimodipine (20 M) to block L-type Ca channels (Fig.  4 A) (n ϭ 6 cells). In contrast, PPF was reduced in experiments performed in CTZ (100 M) (Fig. 4 A) (n ϭ 6 cells), further suggesting presynaptic effects of this drug on glutamate release at this synapse. As a complementary approach, we used 2PLU to assess the response of postsynaptic NMDARs at the spine during repetitive activity. NMDAR-mediated uEPSCs and ⌬[Ca] spine summated linearly at ISI ϭ 50 ms (PPR uEPSC ϭ 101 Ϯ 21%; PPR Ca ϭ 98 Ϯ 10%; n ϭ 4 cells, 6 spines) (Fig. 4 B) , indicating that these receptors are not saturated or desensitized. These results suggest that extracellular stimulation elicits presynaptic facilitation of glutamate release that is normally masked by desensitization of AMPARs.
Minimal interactions occur between distributed synaptic inputs
MSNs receive inputs from many cortical and thalamic neurons, each making only a few synapses on a given MSN (Cowan and Wilson, 2003) . Because single inputs summate sublinearly during repetitive activity, integration of multiple inputs may be needed to generate a large depolarization. We initially examined interactions between excitatory inputs by delivering stimuli through two electrodes placed near the external capsule and separated by Ͼ100 m (Fig. 5A ), which activates a small number of spines distributed across the dendritic tree. In response to asynchronous pairing at Ϫ80 mV, EPSPs summated linearly over a wide range of ISIs, with a small sublinearity at ISI ϭ 2 ms (Fig. 5B) . These results suggest that synapses that are located far from each other on the dendrite function independently. However, local interactions between nearby spines may not be revealed with this approach.
Asynchronous synaptic inputs at neighboring spines do not interact
Although theoretical work has described a variety of possible interactions between activation of synapses on nearby spines, the inability to activate synapses in a controlled spatial arrangement has made it difficult to study how synaptic integration depends on synapse arrangement in neurons. We used 2PLSM and 2PLU to directly examine these interactions by activating spines on the same dendritic branch (Fig. 6 ) and monitoring the effects on uEPSPs recorded at the soma and Ca transients measured in each spine. In control experiments, the activation of both AMPARs and NMDARs steeply decreased as the site of uncaging was moved away from the spine, demonstrating that nearby spines can be independently stimulated with this approach (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). To assess the influence of one spine on another, we selected neighboring spines in the same focal plane and activated each spine alone (S1 and S2) or as a pair (S13 S2 and S23 S1) (Fig.  6 A) . For our analysis, we considered interactions between asynchronous (ISI ϭ 50 ms) and synchronous (ISI ϭ 2 ms) inputs at spines separated by 3-10 m.
Asynchronous pairing had no affect on uEPSPs recorded at Ϫ80 mV, as quantified by the ratio of the uEPSP amplitude with (A2*) and without (A1) pairing (R uEPSP ϭ 95%; CI ϭ 86 -105; n ϭ 7 cells, 18 spines) (Fig. 6 B, D) (see Materials and Methods). Similarly, asynchronous pairing had no influence on ⌬[Ca] S1 , as quantified by the ratio of the amplitude of the Ca transient in the spine with (A2*) and without (A1) pairing (see Materials and Methods). Thus, ⌬[Ca] S1 was not altered when S1 activation either preceded (R Ca (S13 S2) ϭ 94%; CI ϭ 80 -111) or followed (R Ca (S23 S1) ϭ 92%, CI ϭ 84 -100) activation of S2. Similar results were found at Ϫ50 mV for both uEPSPs (R uEPSP ϭ 97%, CI ϭ . Asynchronous synaptic inputs at neighboring spines do not interact. A, Left, 2PLSM image of dendrite and two spines (S1 and S2). Middle, Fluorescence transients (top) and simultaneous uEPSPs (bottom) at Ϫ80 mV evoked by sequential 2PLU at the two spines. Right, Stimulation schematic: S1 alone (red traces), S2 alone (green traces), S13 S2 (black traces), or S23 S1 (blue traces). Yellow line indicates orientation of line scan and arrows indicate times of 2PLU at S1 (red) and S2 (black). B, uEPSPs (top) and ⌬G/R S1 (S13 S2 in middle and S23 S1 on bottom) at Ϫ80 mV with an ISI of 50 ms. For uEPSPs, red traces are single responses (S1), black traces are paired responses (S13 S2), and yellow traces are the linear predictions. For ⌬G/R S1 , the colored traces indicate the responses evoked by the stimulation protocols shown in the schematic in (A). C,AsinB for responses recorded at Ϫ50 mV with an ISI of 50 ms. D, Ratio of the amplitudes of paired (A2*) and unpaired (A1) uEPSPs and ⌬[Ca] S1 (S13 S2 and S23 S1) in the indicated conditions. Summary data are shown as the geometric mean and 95% confidence interval. *p Ͻ 0.05 compared with unity.
83-113; n ϭ 9 cells, 20 spines) and ⌬[Ca] S1 (R Ca (S13 S2) ϭ 103%, CI ϭ 97-109; R Ca (S23 S1) ϭ 100%, CI ϭ 93-108) (Fig. 6C,D) . These results suggest that no interactions occur between spines during asynchronous activation, even when neighboring spines are separated by only a few microns.
Nonlinear interactions between synchronous inputs at neighboring spines
Interactions between spines may occur with synchronous synaptic inputs, which likely lead to larger changes in local membrane potential and conductance. Synchronous pairing had no influence on uEPSPs and ⌬[Ca] S1 at Ϫ80 mV (R uEPSP ϭ 101%, CI ϭ 89 -115; R Ca (S13 S2) ϭ 98%, CI ϭ 89 -107; R Ca (S23 S1) ϭ 104%, CI ϭ 94 -114; n ϭ 5 cells, 14 spines) (Fig. 7 A, F ) . However, synchronous pairing significantly boosted uEPSPs at Ϫ50 mV (R uEPSP ϭ 112%; CI ϭ 104 -120, p Ͻ 0.05; n ϭ 9 cells, 20 spines) (Fig. 7B,F) . Local Ca signals in spines were also significantly boosted at Ϫ50 mV, with no dependence on the order of stimulation (R Ca (S13 S2) ϭ 114%, CI ϭ 107-121, p Ͻ 0.05; R Ca (S23 S1) ϭ 114%, CI ϭ 109 -120, p Ͻ 0.05). These results demonstrate that interactions can occur between neighboring spines, but only for temporally coincident inputs at membrane potentials near threshold for action potentials.
The influence of synchronous pairing on synaptic responses may depend on differential activation of glutamate receptors at depolarized potentials. We assessed the involvement of NMDARs in these interactions by blocking these receptors with CPP. Synchronous pairing had no influence on AMPAR-mediated uEPSPs at Ϫ50 mV (R uEPSP ϭ 91%; CI ϭ 79 -104; n ϭ 9 cells, 24 spines) (Fig. 7C,F ) , indicating that NMDAR activation is required to boost responses. Whereas spine Ca signals were also unaffected when activation of S2 followed S1 (R Ca (S13 S2) ϭ 90%; CI ϭ 75-106), these signal were depressed when activation of S2 preceded S1 (R Ca (S23 S1) ϭ 84%; CI ϭ 75-96; p Ͻ 0.05), indicating that NMDAR activation may mask a sublinear summation of AMPAR-mediated responses. Similar results were found for AMPAR-mediated responses at Ϫ80 mV (R uEPSP ϭ 93%, CI ϭ 84 -103; R Ca (S13 S2) ϭ 87%, CI ϭ 72-105; R Ca (S23 S1) ϭ 79%, CI ϭ 69 -91; p Ͻ 0.05; n ϭ 9 cells, 20 spines) (Fig. 7 D, F ) .
If interactions between neighboring spines depend on local changes in membrane potential and conductance, they may be enhanced when AMPAR-mediated responses are amplified with CTZ (100 M). AMPAR-mediated uEPSPs were significantly reduced by pairing at Ϫ80 mV in experiments performed in CTZ (R uEPSP ϭ 80%; CI ϭ 68 -93; p Ͻ 0.05; n ϭ 9 cells, 20 spines). Moreover, ⌬[Ca] spine was reduced by synchronous activity, although the dependence on the order of stimulation was lost (R Ca (S13 S2) ϭ 88%, CI ϭ 81-97, p Ͻ 0.05; R Ca (S23 S1) ϭ 86%, CI ϭ 77-95, p Ͻ 0.05) (Fig. 7 E, F ) . Together, these results indicate neighboring spines can interact, with local changes in membrane potential or conductance generating nonlinear summation of synaptic inputs.
Clusters of spines interact during synchronous bursts of synaptic activity
In hippocampal pyramidal neurons, synchronous activation of multiple inputs enhances local interactions between spines that boost uEPSPs and dendritic Ca signals (Gasparini and Magee, 2006; Losonczy and Magee, 2006) . To test whether this occurs in MSNs, we identified a cluster of five spines within the same focal plane along a small stretch of dendrite, and used 2PLU to activate either individual spines (S1-S5) or the entire cluster of spines with a burst of activity at ISI ϭ 2 ms (Fig. 8 A) . We quantified our Figure 7 . Synchronous activation of neighboring spines reveals NMDAR-dependent nonlinearities. A, uEPSPs (left) and ⌬G/R spine (both S13 S2 and S23 S1 on right) at Ϫ80 mV with an ISI of 2 ms. The colored traces are the same as those described for Figure 6 . B-E, As in A for responses at Ϫ50 mV (B), at Ϫ50 mV in CPP (C), at Ϫ80 mV in CPP (D), and at Ϫ80 mV in CPP and CTZ (E). F, Ratio of the amplitudes of paired (A2*) and unpaired (A1) uEPSPs and ⌬[Ca] S1 (S13 S2 and S23 S1) in the indicated conditions. Summary data are shown as the geometric mean and 95% confidence interval. *p Ͻ 0.05 compared with unity.
results as the ratio of the burst response to the linearly predicted sum response (see Materials and Methods). In control experiments, the burst response did not result in glutamate spillover, as the activation of both AMPARs and NMDARs showed linear summation in voltage-clamp recordings (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). uEPSPs at Ϫ80 mV summated linearly during bursts and neither the amplitude (R uEPSP(A) ϭ 105%; CI ϭ 98 -112; n ϭ 19 cells) nor half-decay time (R uEPSP(D) ϭ 103%; CI ϭ 98 -108) was different from the linear prediction (Fig. 8 B, G) . In a subset of experiments, ⌬[Ca] spine was measured in one of the five spines and found to summate linearly during bursts (R Ca ϭ 97%; CI ϭ 72-131; n ϭ 9 cells). In contrast, uEPSPs were both amplified and prolonged at Ϫ50 mV (R uEPSP(A) ϭ 115%, CI ϭ 111-119, p Ͻ 0.05; R uEPSP(D) ϭ 138%, CI ϭ 124 -153, p Ͻ 0.05; n ϭ 23 cells) and ⌬[Ca] spine also summated supralinearly (R Ca ϭ 127%; CI ϭ 106 -153; p Ͻ 0.05; n ϭ 10 cells) (Fig. 8C,G) .
The enhancement of synaptic responses with synchronous activity at depolarized potentials could be caused by activation of multiple voltage-sensitive receptors and ion channels. Blocking NMDARs with CPP (10 M) abolished the boosting of both uEPSPs (R uEPSP(A) ϭ 102%, CI ϭ 98 -107; R uEPSP(D) ϭ 96%, CI ϭ 87-106; n ϭ 19 cells) and ⌬[Ca] spine (R Ca ϭ 85%; CI ϭ 63-115; n ϭ 10 cells) (Fig. 8 D, G) . Previous results indicate that L-type Ca channels are located at dendritic spines (Olson et al., 2005) and can shape EPSPs and sustained depolarizations (Cepeda et al., 1998; Akopian and Walsh, 2002; Vergara et al., 2003) . Blocking L-type Ca channels with nimodipine (20 M) also reduced boosting of uEPSPs (R uEPSP(A) ϭ 101%, CI ϭ 95-108; R uEPSP(D) ϭ 108%, CI ϭ 92-127; n ϭ 16 cells), but had no effect on ⌬[Ca] spine (R Ca ϭ 125%; CI ϭ 108 -146; p Ͻ 0.05; n ϭ 15 cells) (Fig. 8 E, G) . In contrast, blocking voltage-sensitive Na channels with TTX (1 M) did not block boosting of uEPSPs (R uEPSP(A) ϭ 113%, CI ϭ 107-118, p Ͻ 0.05; R uEPSP(D) ϭ 118%, CI ϭ 103-134, p Ͻ 0.05; n ϭ 20 cells) or ⌬[Ca] spine (R Ca ϭ 146%; CI ϭ 125-170; p Ͻ 0.05; n ϭ 9 cells) (Fig. 8 F, G) . These results indicate that activation of both NMDARs and L-type Ca channels is required for supralinear summation of uEPSPs, but only NMDARs are necessary to enhance spine Ca signals during synchronous activity.
Discussion
Here we examined how individual MSNs integrate different temporal and spatial patterns of synaptic activity at their dendrites. Using a combination of whole-cell recordings, two-photon laser scanning microscopy, two-photon laser uncaging of glutamate, and selective pharmacology, we were able to separate presynaptic and postsynaptic factors that influence synaptic integration. We found that repetitive activity at individual spines generates sublinearly summating signals caused by AMPAR desensitization. In contrast, synchronous activity at nearby spines can evoke supralinearly summating electrical and Ca signals caused by activation of NMDARs and L-type Ca channels. Synaptic integration thus depends on both the distribution of synaptic inputs and the differential activation of multiple postsynaptic conductances.
Single input responses
We found that AMPAR-mediated EPSCs undergo prominent depression at MSNs. Depression was prevented by both reducing AMPAR occupancy with ␥-DGG and blocking AMPAR desensitization with CTZ, in contrast to previous results (Akopian and Walsh, 2007) . The residual depression at early time points in CTZ may be attributable to saturation, reflecting increased glutamate affinity and slowed deactivation kinetics of AMPARs in the pres- ence of this drug (Yamada and Rothman, 1992; Patneau et al., 1993) . The similar effects of ␥-DGG and CTZ are consistent with desensitization of AMPARs (Wong et al., 2003; Crowley et al., 2007) , and suggest that changes in presynaptic glutamate release probability are minimal at this synapse. PPD of uncaging-evoked EPSCs and spine-head Ca transients was similar in magnitude to that of electrically evoked EPSCs and was also eliminated by CTZ, indicating that desensitization underlies most of the PPD seen at glutamatergic synapses onto MSNs. Although desensitization is uncommon at many principal neurons (Hestrin, 1992) , similar depression has been observed at other central synapses (Rozov et al., 2001; Chen et al., 2002; Xu-Friedman and Regehr, 2003) . The prolonged time course of depression seen in our experiments likely reflects the slow recovery from desensitization of AMPARs in MSNs (Gotz et al., 1997; Jahn et al., 1998) .
Although we consistently observed depression of AMPARmediated EPSCs, a wide range of PPR values have been observed previously at excitatory synapses onto MSNs. This variability may partly depend on animal age, with depression in young animals and more facilitation as animals mature over the first postnatal month (Choi and Lovinger, 1997; Tang et al., 2001) . The source of synaptic input may also influence PPR, with cortical inputs showing more facilitation than thalamic inputs (Cromwell et al., 1995) . PPR may also depend on the type of MSNs, with more facilitation in cells expressing D 1 dopamine receptors than those expressing D 2 dopamine receptors (Kreitzer and Malenka, 2007) . Finally, the synaptic history may affect PPR, with increased facilitation at synapses following induction of long-term depression (Choi and Lovinger, 1997; Kreitzer and Malenka, 2005) . Although changes in PPR are usually interpreted to reflect the presynaptic glutamate release probability, our results indicate that postsynaptic mechanisms also contribute in MSNs.
In contrast to AMPAR-mediated synaptic responses, we found that NMDAR-mediated EPSCs showed slight facilitation. This facilitation was not caused by activation of L-type Ca channels, in contrast to previous studies (Akopian and Walsh, 2002) . Although facilitation was reduced by CTZ, this finding is consistent with presynaptic effects of this drug and a similar lack of facilitation in AMPAR-mediated EPSCs. The linear summation of NMDAR-mediated uEPSCs and spine Ca signals seen with glutamate uncaging indicates that these receptors are not saturated by the first input (Mainen et al., 1999) . Therefore, although the contribution of each synapse to the synaptic potential decreases during repetitive activity, NMDARs remain open and produce large Ca transients in activated spines. This local NMDAR-mediated Ca signal may be important for the induction of synaptic plasticity in these neurons (Calabresi et al., 1992a) .
Paired spine responses
MSNs possess thousands of spines distributed over their dendrites, each receiving an excitatory synaptic input (Cowan and Wilson, 1994; Wilson, 2003) . Using extracellular stimulation, we found that these inputs summate linearly over a wide range of interstimulus intervals. However, this approach cannot be used to selectively activate nearby inputs and assess local interactions between spines. Using 2PLU, we selectively activated spines along the dendrites and found that nearby inputs can interact in a variety of ways. Minimal interactions occur during asynchronous activity, with linear summation of somatic uEPSPs and compartmentalization of spine Ca signals. Comparable interactions occur during synchronous activity at hyperpolarized potentials where these neurons usually rest. However, synchronous activity leads to supralinear interactions at depolarized potentials near threshold for action potential firing. The shift in resting membrane potential enables activation of voltage-sensitive NMDARs, which contribute to both the electrical signals recorded at the soma and local Ca signals in the spine head. Blocking these receptors reveals a small sublinear summation of AMPAR-mediated Ca signals, likely because of a local decrease in driving force. Whether similar interactions occur at other neurons will likely depend on the types of glutamate receptors and voltage-sensitive ion channels they possess.
We have largely focused on how glutamate receptor properties shape subthreshold synaptic responses in MSNs. However, a variety of voltage-sensitive potassium channels can also influence subthreshold physiology in MSNs (Surmeier et al., 1988; Calabresi et al., 1990; Nisenbaum et al., 1994; Bargas et al., 1999) . These channels may shape subthreshold synaptic responses, and may contribute to sublinear summation of uEPSPs at different resting membrane potentials. Activation of these and other voltage-sensitive conductances may be enhanced with larger membrane potential changes generated during more complex patterns of synaptic activity.
Comparison with dendritic integration in pyramidal neurons
Dendritic integration has been extensively examined in cortical and hippocampal pyramidal neurons but only minimally in other cell types. In pyramidal neurons, both linear and nonlinear modes of synaptic interaction have been described (Margulis and Tang, 1998; Cash and Yuste, 1999; Nettleton and Spain, 2000; Tamas et al., 2002) . Strong dendritic stimulation with one-photon uncaging of glutamate activates multiple spines over a small stretch of dendrite and generates local Ca spikes because of activation of NMDARs and voltage-sensitive conductances (Schiller et al., 2000; Wei et al., 2001; Cai et al., 2004) . Similarly, two independent input pathways converging on the same stretch of dendrite can locally interact to generate supralinear but saturating responses (Polsky et al., 2004) . Supralinear summation can also be achieved using synchronous stimulation of ϳ20 nearby inputs on thin apical dendrites by two-photon uncaging of glutamate (Gasparini and Magee, 2006; Losonczy and Magee, 2006) . In these studies, dendritic spikes are generated that depend on voltage-sensitive Na channels and are shaped by NMDARs and other voltage-sensitive ion channels.
We find that synchronous activity at clustered spines leads to supralinear summation of synaptic responses in MSNs at depolarized membrane potentials. The supralinear summation of uEPSPs may involve a local depolarizing feedback loop, in which activation of AMPARs provides the initial depolarization to activate NMDARs and L-type Ca channels. However, unlike hippocampal pyramidal neurons, this depolarizing feedback loop neither depends on voltage-sensitive Na channels nor involves dendritic spikes. The supralinear summation of spine Ca signals in MSNs may reflect additional Ca influx into spines through NMDARs because of relief of Mg block. This enhanced Ca signal could activate intracellular signaling pathways and may be important for the induction of synaptic plasticity (Calabresi et al., 1992a) .
Significance for striatal function
In mature animals, excitatory synaptic inputs drive state transitions and fire action potentials to enable MSN and striatal function (Wilson and Kawaguchi, 1996; Stern et al., 1997) . We focused our analysis on young animals, in which synaptic plasticity has been extensively studied and shown to depend on the postsynaptic membrane potential. We found that AMPAR de-sensitization prevents a single input from generating large changes in membrane potential. Instead, multiple inputs must be integrated, which likely derive from different areas and represent unique types of information (Kincaid et al., 1998; Zheng and Wilson, 2002; Alloway et al., 2006) . Similar synaptic integration is likely to be important in the ventral striatum, where multiple types of inputs are also processed (O'Donnell and Grace, 1995; Mulder et al., 1998) . Thus, MSNs are fundamentally integrative neurons that are acutely sensitive to the spatial and temporal distribution of synaptic activity they receive at spines distributed across their dendrites.
